In this paper, we report on extensive calculations of radiative data in Yb-like tungsten ion using several independent atomic structure methods, i.e. the relativistic Hartree-Fock approach, the flexible atomic code and the multiconfiguration Dirac-Fock method. This multi-platform approach allowed us to check the consistency of our results. Advantages and shortcomings of semi-empirical and ab initio methods for atomic structure calculations in such a complex heavy ion are also discussed in detail. A new set of transition probabilities and oscillator strengths is reported for electric dipole lines together with magnetic dipole and electric quadrupole lines in this ion of interest for fusion plasma diagnostics.
Introduction
As mentioned in many previous papers (see e.g. Federici et al 2001 , Neu et al 2005 , Pospieszczyk 2006 , Skinner 2008 , 2009 , the use of tungsten as a plasma-facing material in future magnetic fusion reactors, such as ITER, requires the knowledge of the atomic structure and radiative properties of almost each ionization stage of this element. Recently, we have reported spectroscopic data for neutral to moderately ionized tungsten. More precisely, transition probabilities were calculated for a large number of transitions in W I (Quinet et al 2011) , W II , W III , W IV (Enzonga Yoca et al 2012a) and W VI (Enzonga Yoca et al 2012b) . In these studies, the relativistic HartreeFock (HFR) method including core-polarization effects (HFR+CPOL) was combined with a semi-empirical process minimizing the discrepancies between calculated and available experimental energy levels. In all cases, the accuracy of this approach was assessed through detailed comparisons with experimental radiative lifetimes measured with the time-resolved laser-induced fluorescence (TR-LIF) technique (W I, W II, W III), with branching fractions deduced from line intensity ratios measured on high-resolution Fourier transform spectra (W I) or with transition probabilities obtained using different theoretical methods (W IV, W VI). Furthermore, critically evaluated transition rates available in the literature for allowed electric dipole lines together with a new set of computed A-values for forbidden lines were reported in a recent paper for W I, W II and W III (Quinet et al 2010) .
In order to complete these investigations, this work is focused on quadruply ionized tungsten, W V. This ion is the third member of the ytterbium isoelectronic sequence (after Hf III and Ta IV) having the ground configuration 5s 2 5p 6 5d 2 , while the first two members of the sequence, Yb I and Lu II, have the ground configuration 5s 2 5p 6 6s 2 . In their compilation on spectroscopic data of tungsten ions, Kramida and Shirai (2009) reported, for Yb-like tungsten, 193 lines from 39 to 219 nm and 59 experimental energy levels belonging to 5d 2 , 5d6s, 5d6p, 6s6p, 5d5f and 5d7p configurations. This compilation was based on the work of Meijer (1986) who observed the W V spectrum in the 63-219 nm wavelength range by using a sliding-spark light source and on the works of Churilov et al (1996) and Kildiyarova et al (1996) who extended the identifications to the region 39-57 nm using similar light sources.
To our knowledge, the only radiative rates available in W V were published by Safronova and Safronova (2010) who used the relativistic many-body perturbation theory (RMBPT) to compute oscillator strengths for 28 lines depopulating the levels belonging to the 5d6p configuration. In this paper, we report on extensive calculations of transition probabilities using several independent atomic structure methods, i.e. HFR approach, the flexible atomic code (FAC) and the multiconfiguration Dirac-Fock (MCDF) method. This multiplatform approach allowed us not only to check the consistency of our results but also to study the advantages and shortcomings of semi-empirical and ab initio methods for a complex heavy ion such as Yb-like tungsten.
Computational methods

Relativistic Hartree-Fock (HFR)
In the first step, we used the HFR approach (Cowan 1981) in which we have incorporated CPOL effects by means of a model potential and a correction to the dipole operator (HFR+CPOL; see e.g. Quinet et al 1999) . In a previous work on the isoelectronic ion Hf III (Malcheva et al 2009) , excellent agreement was obtained between HFR+CPOL lifetimes and the accurate experimental values measured for 5d6p and 6s6p states by TR-LIF spectroscopy. We have adopted the same physical model here considering a set of 45 configurations: 5d 2 + 5d6s + 5d7s + 5d6d + 5d7d + 6s 2 + 6s6d + 6s7d + 6s7s + 6p 2 + 6p7p + 6p5f + 6p6f + 6p7f + 6d 2 + 6d7s + 6d7d + 7s 2 + 7p 2 + 7s7d + 7p5f + 7p6f + 7p7f (even parity) and 5d6p + 5d7p + 5d5f + 5d6f + 5d7f + 6s6p + 6s7p + 6s5f + 6s6f + 6s7f + 6p6d + 6p7d + 6p7s + 6d7p + 6d5f + 6d6f + 6d7f + 7s5f + 7s6f + 7s7f + 7s7p + 7p7d (odd parity). For the CPOL corrections, we considered a 4f 14 5s 2 5p 6 erbium-like core surrounded by two valence electrons. The adopted dipole polarizability was α d = 2.50 a 3 0 which corresponds to a W 6+ ionic core and was found by extrapolating the values of α d published by Fraga et al (1976) along the erbium isoelectronic sequence for Tm + , Yb 2+ , Lu 3+ and Hf 4+ . The cut-off radius used was the HFR mean radius of the outermost core orbital 5p, i.e. r c = 1.20 a 0 . To optimize the calculation of oscillator strengths, the HFR+CPOL method was combined with a semi-empirical fitting of the radial parameters minimizing the discrepancies between the calculated energies and the experimental values compiled by Kramida and Shirai (2009) for the 5d 2 , 5d6s, 5d6p, 6s6p, 5d5f and 5d7p configurations. The mean deviations of the fits were found to be 20 cm −1 for the even parity and 132 cm −1 for the odd parity.
In the second HFR model (referred to as HFR(CV)), we restricted the intravalence correlation to n = 6 and l = 3 but we explicitly considered core-valence correlation from 5d 2 , 5d6s, 5d6p and 6s6p by including some configurations with a single excitation from 5s and 5p core orbitals. More precisely, in this model the following interacting configurations were included: 5d 2 + 5d6s + 5d6d + 6s 2 + 6s6d + 6p 2 + 6p5f + 6p6f + 6d 2 + 5p 5 5d 2 6p + 5p 5 5d6s6p + 5s5p 6 5d 3 + 5s5p 6 5d 2 6s + 5s5p 6 5d6s 2 (even parity) and 5d6p + 5d5f + 5d6f + 6s6p + 6s5f + 6s6f + 6p6d + 6d5f + 6d6f + 5p 5 5d 3 + 5p 5 5d 2 6s + 5p 5 5d6s 2 + 5s5p 6 5d 2 6p + 5s5p 6 5d6s6p (odd parity). It was verified that other two-valence electron configurations, such as 5f 2 or 6f 2 , had a negligible influence on the spectroscopic configurations of interest. Here also, a semi-empirical adjustment of the radial parameters was performed for 5d 2 , 5d6s, 5d6p, 6s6p and 5d5f configurations giving rise to average differences between calculated and experimental levels of 20 and 135 cm −1 for even and odd parities, respectively.
Flexible atomic code (FAC)
Another theoretical method used in our work was the one implemented in the FAC code which uses a fully relativistic ab initio approach based on the Dirac equation (Gu 2003) . Here, the following configurations were retained in the configuration-interaction expansion when diagonalizing the multi-electron Dirac-Coulomb-Breit Hamiltonian: 5d 2 , 5d6s, 5d6d, 6s 2 , 6s6d, 6p 2 , 6p5f, 6p6f, 6d 2 , 5d6p, 5d5f, 5d6f, 6s6p, 6s5f, 6s6f, 6p6d, 6d5f, 6d6f for the valence-valence correlations, and 5s 2 5p 5 5d 3 , 5s 2 5p 5 5d 2 6s, 5s 2 5p 5 5d 2 6p, 5s 2 5p 5 5d6s 2 , 5s 2 5p 5 5d6s6p, 5s5p 6 5d 3 , 5s5p 6 5d 2 6s, 5s5p 6 5d 2 6p, 5s5p 6 5d6s 2 and 5s5p 6 5d6s6p for the core-valence correlations. The set of interacting configurations was thus exactly the same as the one used in the HFR(CV) model described above. The one-electron spin-orbitals were obtained by solving the self-consistent Dirac-Fock-Slater radial equations for a local central potential minimizing the average energy of a mean configuration built from 5d 2 + 5d6s + 5d6p spectroscopic configurations. Note that optimizing only on the ground configuration deteriorates the agreement with the experimental energies by a factor of about 2 due to the neglect of 5d relaxation. The Breit interaction was applied up to n = 6, while higher order relativistic corrections, like the vacuum polarization effect, were considered by the addition of an Uehling-type radial potential (Uehling 1935) in the calculation of the spin-orbitals. In the calculation of the oscillator strengths, the transition energies were replaced by the experimental values taken from Kramida and Shirai (2009) .
Multiconfiguration Dirac-Fock (MCDF)
Finally, we performed a fully relativistic ab initio MCDF calculation of transition rates in W V using the latest version of the General-purpose Relativistic Atomic Structure Package (GRASP) developed by Norrington (2009) from the MCDF original code of Grant and co-workers and improved by Dyall et al (1989) . The computations were done with the extended average level option, introducing the configurations 5d 2 + 5d6s + 5d6d + 6s 2 + 6p 2 + 6d 2 + 5p 5 5d 2 6p + 5p 5 5d6s6p + 5s5p 6 5d 3 + 5s5p 6 5d 2 6s + 5s5p 6 5d6s 2 (even parity) and 5d6p + 6s6p + 5p 5 5d 3 + 5p 5 5d 2 6s + 5p 5 5d6s 2 + 5s5p 6 5d 2 6p + 5s5p 6 5d6s6p (odd parity) and including transverse Breit and quantum electrodynamics corrections such as those due to self-energy and vacuum polarization effects using the routines developed by McKenzie et al (1980) . In these routines, the leading correction to the Coulomb repulsion between electrons in quantum electrodynamics is considered as a Safronova and Safronova (2010) first perturbation using the transverse Breit operator given by , the second-order vacuum polarization corrections are evaluated using the prescription of Fullerton and Rinker (1976) and the self-energy contributions are estimated by interpolating the hydrogenic n = 1, 2 results of Mohr (1974 Mohr ( , 1975 and by scaling to higher n states according to 1/n 3 . In addition, the MCDF oscillator strengths were corrected with transition energies deduced from experimentally known energy levels taken from the compilation of Kramida and Shirai (2009) .
Results and discussion
Energy levels
Calculated energy levels obtained with the HFR+CPOL method are compared to available experimental values in table 1. The largest LS-components of the wavefunctions are also reported in that table. One can observe that many of these levels are strongly mixed, the average LS-purities being equal to 89% and 68% for even and odd parities, respectively. For comparison, it is interesting to note that the fully relativistic MCDF calculations gave average purities in j j-coupling equal to 84% for 5d 2 + 5d6s and 88% for 5d6p. For these configurations, the correlation between LS and j j designations are given in table 2 together with a comparison between experimental energies and those obtained using different computational approaches. While, as expected and already mentioned above, the two semi-empirical HFR models are in excellent agreement with experiment, rather large discrepancies are observed, in some cases, when considering the ab initio methods for which the average deviations E = |E exp − E calc | are of the order of 1376, 1882 and 3930 cm −1 for RMBPT, FAC and MCDF, respectively. However, it is worth noting that the strongly mixed 5d6p odd-parity levels are much better reproduced with the FAC model ( E = 410 cm −1 ) than with the MCDF approach ( E = 5253 cm −1 ) or with the RMBPT calculations of Safronova and Safronova (2010) ( E = 2190 cm −1 ).
Electric dipole transitions
In table 3, we compare the oscillator strengths deduced from the HFR+CPOL, HFR(CV), FAC and MCDF calculations with those computed using the RMBPT method by Safronova and Safronova (2010) for 5d 2 -5d6p and 5d6s-5d6p transitions. These comparisons are also illustrated in figure 1. When looking into details, it is clearly seen that an overall good agreement is obtained between the different calculations for most of the lines. In particular, the HFR+CPOL and HFR(CV) results agree within a few per cent indicating that the corepolarization model potential included in the former approach allows for a realistic representation of the core-valence interactions explicitly considered in the latter model. When comparing the HFR+CPOL f -values to other calculations, a slightly better agreement is found with FAC than with MCDF and RMBPT methods, although the mean relative deviations are found to be similar, i.e.
gf (HFR+CPOL-FAC) = 15%, gf (HFR+CPOL-MCDF) = 21% and gf (HFR+CPOL-RMBPT) = 20%. It is also interesting to note that the FAC and MCDF oscillator strengths These examples illustrate the high sensitivity of some transition rates to intermediate coupling and hence to level mixings which are expected to be better estimated when the calculated energy levels are closer to the experimental ones. For such particular situations, the semi-empirical HFR+CPOL and HFR(CV) approaches, allowing for an excellent representation of the W V atomic structure, are probably better adapted than ab initio methods which reproduce the experimental energies with a rather limited accuracy.
Transition probabilities and oscillator strengths computed using the semi-empirical HFR+CPOL model are listed in table 7 for a set of W V transitions between 39 and 179 nm with log gf −1. A more comprehensive table is available in our DatabasE on SIxth Row Elements (DESIRE) at the following address: http://w3.umons.ac.be/astro/desire.shtml.
Forbidden transitions
Because they have radiative intensities which are often very sensitive to electron temperature and density, magnetic dipole (M1) and electric quadrupole (E2) transitions also play an important role in plasma diagnostics. Therefore, wavelengths and transition rates for such lines in various ionization stages of tungsten must be determined with high confidence. In table 8, we present transition probabilities computed with the HFR+CPOL model for selected forbidden lines involving levels of 5d 2 and 5d6s even-parity configurations in W V. When the two types of radiation contribute to the intensity of a line then the sum of both A-values is given. It is worth mentioning that an overall good agreement was observed when comparing these transition probabilities with the FAC and MCDF values obtained in this work, in particular for the most intense lines. More precisely, it was found that the mean ratios A HFR+CPOL /A FAC and A HFR+CPOL /A MCDF were equal to 1.052 ± 0.066 and 0.949 ± 0.071 (for A 100 s −1 ), 1.161 ± 0.249 and 1.137 ± 0.362 (for A 10 s −1 ) and 1.120 ± 0.222 and 1.165 ± 0.359 (for A 2 s −1 ), where the uncertainty represents the standard deviation of the mean. 
Conclusion
Atomic structure and radiative rate calculations were performed in Yb-like tungsten using several semi-empirical and ab initio methods. From detailed comparisons between these different approaches, the accuracy of the computed transition probabilities and oscillator strengths has been estimated. It has been shown that some line strengths are particularly sensitive to level mixings which are expected to be better estimated when using semi-empirical methods. The new set of radiative data reported in this paper for allowed and forbidden lines in W V should be useful for plasma diagnostics in future fusion reactors where tungsten will be used as plasmafacing material.
